Introduction
Pediatric patients receiving mechanical ventilation are often prescribed nebulized therapy. The ideal device and operating conditions are yet to be established. Although direct quantification of lung deposition would be the most accurate method to determine best device/operating conditions, ethical considerations regarding blood draws and use of radio-labeled studies have limited their use. 1 Investigators have resorted to in vitro models, for which good in vivo/in vitro correlation has been established. 2, 3 SEE THE RELATED EDITORIAL ON PAGE 1255 Delivery efficiency depends on many factors such as type of aerosol generator, position, endotracheal tube (ETT) size, and others. 4, 5 The type of aerosol generator can determine a several-fold difference in drug delivery. 6 Currently jet nebulizers, ultrasonic nebulizers, and vibrating mesh nebulizers are available for use with ventilator circuits. Several authors have shown that the position of the aerosol generator can greatly influence drug delivery to the patient. [7] [8] [9] [10] [11] [12] However, most of these studies were done using adult type settings and therefore are not applicable to pediatric scenarios. [7] [8] [9] [10] [11] In this study we compared drug delivery efficiency and absolute lung deposition of 2 jet nebulizers, an ultrasonic nebulizer, and a vibrating mesh nebulizer, placed in 4 different positions in a pediatric ventilator circuit model, using different albuterol doses and concentrations.
Methods
This study was performed at the Pediatric Aerosol Research Laboratory, Arkansas Children's Hospital Research Institute, and Arkansas's Children's Hospital, Little Rock, Arkansas.
Nebulizers
Four different brands of nebulizer, representing 3 different operating principles were tested (Fig. 1) . Two continuously operated jet nebulizers were tested: Salter 8900 (Salter Labs, Arvin, California) and Hudson Updraft II Opti-Neb (Teleflex Medical, Research Triangle Park, North Carolina). Both nebulizers were connected to the circuit with a spring-loaded T-piece (Airlife Valved Tee adapter, Thayer Medical, Tucson, Arizona) and operated with central oxygen at 6 L/min for 5 min. The ventilator settings were adjusted during nebulization to compensate for the increase in flow. One ultrasonic nebulizer, model N06302595E400E, Maquet, Solna, Sweden, and one vibrating mesh nebulizer, Solo, Aerogen, Galway, Ireland, were also tested. Both devices were connected to the ventilator circuit with a T-piece and were operated for 15 min. No ventilator adjustments were required to operate these 2 devices. The length of operation was decided after preliminary testing showed that these intervals allowed nebulization to dryness for all devices. Table 1 compares the different characteristics of the nebulizers, including the cost of delivering different amounts of albuterol sulfate for 3 different lengths of time.
Solutions
Several loading doses, volumes, and concentrations of albuterol sulfate nebulizer solution were tested. Initially, 2.5 mg/3 mL, 5.0 mg/3.5 mL, and 7.5 mg/4 mL were used. These solutions were made of single bullet units of albuterol sulfate 2.5 mg/3 mL (Nephron Pharmaceuticals, Orlando, Florida) and 0.5 mg/mL (Nephron Pharmaceuticals, Orlando, Florida). Previous research demonstrated that higher loading volumes determine higher drug output. 13 Therefore, we also tested 2 other solutions with the same nominal dose (2.5 mg) and different loading volumes (3.5 mL and 4 mL) to evaluate the effect of increasing the loading volume on lung dose.
Positions of Aerosol Generators
All nebulizers were tested in 4 different positions (Fig. 2) . Position A was at the ventilator on the inspiratory side.
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Current knowledge
Aerosol lung deposition during pediatric mechanical ventilation is affected by the type of aerosol generator and its position in the circuit, endotracheal tube size, humidification, and ventilation mode. The optimal combination of each nebulizer type and position is unknown.
What this paper contributes to our knowledge
In an in-vitro pediatric ventilator model, a vibratingmesh nebulizer outperformed jet and ultrasonic nebulizers, irrespective of position in the ventilator circuit. Aerosol deposition was maximized with the nebulizer at the ventilator outlet or immediately after the humidifier. Deposition was less with the nebulizer at the Ypiece or 30 cm from the Y-piece. Position B was between the humidifier and the inspiratory limb of the ventilator circuit. Position C was between the inspiratory limb of the ventilator circuit and the Y-piece. Position D was in the inspiratory limb of the ventilator circuit, at 30 cm before the Y-piece. The latter was achieved by cutting the circuit at 30 cm from the Y-piece, re-threading the heated wire, and placing a T-piece between the 2 pieces of circuit.
Pediatric Ventilator Model
A previously described pediatric ventilator model was used. 6 A lung model (SmartLung 600 mL, IMT Medical, Buchs, Switzerland) was connected in series, and a low-dead-space filter folder was interposed between them. The cuff was inflated to provide a closed circuit.
Testing Procedure
A new respiratory filter (Pari Respiratory Equipment, Midlothian, Virginia) was placed in the filter holder before each run. The filter holder was sealed with Teflon tape, and the efficiency of the seal was verified by checking the returned V T . The filter was removed upon completion of the run time, eluted with ultrapure water, and the washings were tested for albuterol with a spectrophotometer (BioMate 3 UV-Vis Spectrophotometer, Thermo Fisher Scientific, Waltham, Massachusetts) at 276 nm. 14 The amount of drug captured in the filter was considered the lung dose. Five units of each aerosol generator were tested in each of the 4 positions, with 2.5 mg/3 mL, 5.0 mg/3.5 mL and 7.5 mg/4 mL. All positions except position D were tested with solutions of 2.5 mg/3.5 mL and 2.5 mg/4 mL. * Cost is expressed in United States dollars and was constructed with the following assumptions: nebulizer treatments to be given every 6 hours; jet nebulizer replaced every 48 hours, as per our hospital protocol; ultrasonic plastic cup used for all treatments; jet nebulizer run at 6 L/min of oxygen for 5 min; lifespan of controllers of vibrating mesh and ultrasonic is 2 years with 4 treatments/ day every day; spring-loaded T-piece and vibrating mesh circuit adapter used for all treatments; respiratory therapist time spent is similar among all devices. The ultrasonic nebulizer requires hardware and software to be installed on the ventilator. The additional cost was equated to the cost of the vibrating mesh controller. 
Statistical Analysis
Data were compared as lung dose (g of albuterol) and drug delivery efficiency (%). The latter was calculated as:
Efficiency ϭ ͓drug captured in the filter ͑g͒/ drug placed in the nebulizer ͑g͔͒ ϫ 100
Intra-device and inter-device comparisons were performed at all tested positions with each tested solution, using analysis of variance for repeated measures and analysis of variance, respectively, followed by the Tukey test when multiple comparison analysis was required. Differences within each device placed at each tested position between solutions of the same volume and different concentrations (2.5 mg/3.5 mg vs 5.0 mg/3.5 mL, 2.5 mg/ 4 mL vs 7.5 mg/4 mL, and 2.5 mg/3 mL vs 2.5 mg/4 mL) were tested using a 2-tailed paired t test. A statistical software package (MDAS 2.0, Eskay Software, Silver Spring, Maryland) was used to analyze the data. A P value Ͻ .05 was considered statistically significant.
Results
Intra-device Comparison
The vibrating mesh nebulizer performed best and worst when placed at either the humidifier or ventilator and Ypiece, respectively, for all tested solutions (P Ͻ .01) (Fig. 3) . These results were true for lung dose and delivery efficiency ( Table 2 ). The difference in lung dose ranged from 3.2-fold with the 7.5 mg/4 mL solution to 4.3-fold with the 2.5 mg/3.5 mL solution.
The Hudson nebulizer performed best and worse when placed at either the humidifier or ventilator and Y-piece, respectively, for all tested solutions (P Ͻ .01) (see Fig. 3 ). These results were true for lung dose and delivery efficiency (see Table 2 ). The difference in lung dose ranged from 2.1-fold with the 7.5 mg/4 mL solution to 4-fold with the 2.5 mg/4 mL solution.
The ultrasonic nebulizer performed best and worse when placed at the humidifier and Y-piece, respectively, for all tested solutions (P Ͻ .01) (see Fig. 3 ). These results were true for lung dose and delivery efficiency (see Table 2 ). The difference in lung dose ranged from 2-fold with the 2.5 mg/3 mL solution to 5.7-fold with the 7.5 mg/4 mL solution.
The Salter nebulizer performed best and worse when placed at either the humidifier or ventilator and Y-piece, respectively, for all tested solutions (P Ͻ .01) (see Fig. 3 ). These results were true for lung dose and delivery efficiency (see Table 2 ). The difference in lung dose ranged from 1.6-fold with the 2.5 mg/3 mL solution to 2.9-fold with the 7.5 mg/4 mL solution.
Inter-device Comparison
When placed at the ventilator, the vibrating mesh nebulizer outperformed all other delivery devices, irrespective of solution tested (P Ͻ .001) (Fig. 4) . These results were true for lung dose and delivery efficiency (see Table 2 ). The ultrasonic nebulizer achieved higher lung dose than the jet nebulizers for some of the solutions tested. Lung dose differences among devices ranged from 5.7-fold with the 2.5 mg/3.5 mL solution to 9.3-fold with the 2.5 mg/ 3 mL solution.
When placed at the humidifier, the vibrating mesh nebulizer outperformed all other delivery devices with all solutions tested, except for the ultrasonic nebulizer using the 7.5 mg/4 mL solution (P Ͻ .001) (see Fig. 4 ). These results were true for lung dose and delivery efficiency (see Table 2 ). The ultrasonic nebulizer was also superior to both jet nebulizers (P Ͻ .01). Lung dose differences among devices ranged from 7.1-fold with the 2.5 mg/4 mL solution to 8.2-fold with the 5.0 mg/3.5 mL solution.
When placed at the Y-piece, the vibrating mesh nebulizer outperformed both jet nebulizers for all solutions tested (P Ͻ .001) (see Fig. 4 ). The vibrating mesh nebulizer was only superior to the ultrasonic nebulizer when using the 7.5 mg/4 mL solution (P Ͻ .01). These results were true for lung dose and delivery efficiency (see Table 2 ). Differences in lung dose among devices ranged from 3.7-fold with the 5.0 mg/4 mL solution to 11.2-fold with the 7.5 mg/ 4 mL solution.
When placed 30 cm before the Y-piece, the vibrating mesh nebulizer outperformed both jet nebulizers, irrespective of solution tested (P Ͻ .001) (see Fig. 4 ). The vibrating mesh nebulizer also performed better than the ultrasonic nebulizer with the 7.5 mg/4 mL solution. These results were true for lung dose and delivery efficiency (see Table 2 ). The ultrasonic nebulizer was also superior to both jet nebulizers (P Ͻ .01). Lung dose differences among devices ranged from 3.5-fold with the 2.5 mg/3 mL solution to 5.4-fold with the 7.5 mg/4 mL solution.
Evaluation of Changes in Loading Volume/Nominal Dose Effect on Lung Dose
When albuterol solutions of 2.5 mg/3.5 mL and 5.0 mg/ 3.5 mL were compared, lung dose was higher with the latter in all positions and nebulizers tested (P Ͻ .001), except for the ultrasonic nebulizer at the ventilator (P ϭ .29) (Table 3) .
When albuterol solutions of 2.5 mg/4 mL and 7.5 mg/ 4 mL were compared, lung dose was higher with the latter in all positions and nebulizers tested (P Ͻ .001), except for the Salter nebulizer at the Y-piece (P ϭ .09) (see Table 3 ).
When albuterol solutions of 2.5 mg/3 mL and 2.5 mg/ 4 mL were compared, lung dose was higher with the latter except for the Hudson nebulizer at the Y-piece (P ϭ .08), the Salter nebulizer at the humidifier (P ϭ .39), the ultrasonic nebulizer at the ventilator (P ϭ .21) and the Y-piece (P ϭ .17). No differences were noted for the vibrating mesh nebulizer (P ϭ .54, P ϭ .41, and P ϭ .64, when placed at the ventilator, humidifier, or Y-piece, respectively) (see Table 3 ).
Discussion
Mechanically ventilated pediatric patients are often prescribed nebulized albuterol. Delivery device and position in the ventilator circuit play an important role in determining how much albuterol reaches the end of the ETT. We compared 4 different devices placed in 4 different Fig. 3 . Intra-device comparison of albuterol captured at the end of the endotracheal tube (lung dose). With the Updraft II Opti-Neb jet nebulizer, lung dose with the 2.5 mg/3 mL solution when placed at the Y-piece was lower than all, and lung dose with the 5.0 mg/3.5 mL and 7.5 mg/4 mL solutions when positioned at the ventilator was similar to humidifier and was greater than at the Y-piece and 30 cm from the Y-piece. With the Salter 8900 jet nebulizer, lung dose with the 2.5 mg/3 mL solution when placed at the humidifier was greater than all other positions, and lung dose with the 5.0 mg/3.5 mL and 7.5 mg/4 mL solutions when positioned at the ventilator was similar to humidifier and was greater than Y-piece and 30 cm from the Y-piece. With the Maquet ultrasonic nebulizer, lung dose with the 2.5 mg/3 mL solution when placed at the humidifier was greater than all other positions, and also lung dose was greater at the ventilator than at the Y-piece; output with the 5.0 mg/3.5 mL solution when placed at the humidifier was greater than the Y-piece and 30 cm from the Y-piece and lung dose was greater at the ventilator than at the Y-piece; lung dose with the 7.5 mg/4 mL solution when placed at the humidifier was greater than all other positions, and lung dose was greater at the ventilator than at the Y-piece and 30 cm from the Y-piece. With the Aerogen Solo vibrating mesh nebulizer, lung dose with all solutions tested when positioned at the ventilator was similar to humidifier and was greater than Y-piece and 30 cm from the Y-piece.
positions of the pediatric ventilator circuit model. The vibrating mesh device delivered the most albuterol to the end of the ETT. The Y-piece and either ventilator or humidifier were the worst and best positions to place the nebulizers. Increasing the loading volume without increasing the amount of drug does not increase lung dose when using vibrating mesh nebulizers. The problem of the effect of position has been previously looked at using adult type ventilator models. [9] [10] [11] [12] In this study we provide lung dose data achieved by different aerosol generators located on 4 different places in a pediatric ventilator model.
We found that both jet nebulizers performed better when placed at the ventilator or the humidifier. These data are in agreement with others. [9] [10] [11] Hughes et al and Quinn also found that lung dose increased when the generating device was placed closer to the ventilator (V T of 700 mL and 400 mL, respectively). 9, 10 More recently, Ari et al compared lung dose of 3 different nebulizers (jet, ultrasonic, and vibrating mesh) placed in 3 positions (between the ETT and Y-piece, 15 cm from the Y-piece, and 15 cm from the ventilator). 11 They used an adult model of mechanical ventilation, without bias flow, and with/without humidification (V T 500 mL, breathing frequency 15 breaths/min, ETT 8 mm). They also found that lung dose was greater when jet nebulizers were placed at the ventilator. However, our current data are conflicting with other pediatric data using lower V T . 6, 12 In a previous study, using a ventilator model similar to the one used in the present study, we compared lung dose achieved by a jet nebulizer (Salter 8900) and an intrapulmonary percussive ventilator device placed after the humidifier or before the Y-piece. 6 We found no difference in lung dose for the jet nebulizer when placed before the Y-piece or at the humidifier. In a follow-up study, Ari et al compared lung dose of a jet nebulizer placed before 15 cm before the Y-piece and 15 cm before the humidifier with a vibrating mesh nebulizer placed at the ETT and right before the humidifier. 12 They used humidified pediatric (V T 100 mL, breathing frequency 20 breaths/min, ETT 5 mm) and adult (V T 500 mL, breathing frequency 20 breaths/min, ETT 8 mm) ventilator models, with bias flow of either 2 or 5 L/min. They found no difference in lung dose for different positions for the jet nebulizer. One difference between their study and ours is that the jet nebulizers were operated at 2.5 L/min and 6 L/min in their study and our study, respectively. We speculate that the differences in lung dose seen between adult and pediatric models and between pediatric models of different V T might be because a certain V T is required for the differences in filter deposition to occur.
The ultrasonic nebulizer performed best when placed at the humidifier. These data are conflicting with previously published data using an adult ventilator model. 12, 15, 16 Thomas et al, 15 using an adult model (ETT 9 mm, breathing frequency 15 breaths/min, inspiratory/expiratory ratio of 1:3, V T 900 mL), placed the devices in the inspiratory limb at 50 cm and right before the Y-piece, and found no differences in lung dose. 16 Ari et al, using an adult ventilator model, with no bias flow, found that placing the device 15 cm before the Y-piece provided the highest lung dose. The differences between their studies and ours could be due to several factors such as different ETT sizes, different ventilator settings, different devices, presence or absence of bias flow, and different placement of the devices.
The vibrating mesh nebulizer performed best when placed at either the humidifier or at the ventilator. Our results confirm those of Ari et al using a pediatric model. 12 However, our delivery efficiency was 2-fold higher than the one reported by Ari et al. This difference could be due to a variety of factors such as the fact that we used a larger ventilator circuit (22 mm vs 15 mm inner diameter), a slightly larger ETT (5.5 mm vs 5.0 mm inner diameter), and a larger V T (200 mL vs 100 mL). In addition, the nebulizer was positioned in a slightly different way in our study: the nebulizer was connected immediately after the ventilator, while in their study a corrugated tube was interposed between the ventilator and the nebulizer that was connected to the humidifier. We also provide novel data on the placement of a vibrating mesh nebulizer in a pediatric ventilator model. However, these data are in conflict with the data Ari et al obtained using an adult model that showed lung dose was greater when the device was placed either before or at the Y-piece. 11 The differences are most likely due to the lack of bias flow in their study, since the same group showed a 2-fold increase in lung dose when moving the device from right before the Y-piece to before the humidifier when using a circuit with bias flow. 12 We found that in a pediatric ventilator model the 2 jet nebulizers tested and the vibrating mesh nebulizer delivered more albuterol to the end of the ETT when placed at either the ventilator or the humidifier. The ultrasonic nebulizer performed best at the humidifier. The worst performance was achieved by placing the nebulizer at the Ypiece. The position 30 cm before the Y-piece rendered similar results. These data confirm previous work showing that nebulizers are more efficient when placed farther away from the ETT. 9, 10, 12 We speculate that the ventilator circuit acts as a reservoir. In addition, the speed of the aerosol that reaches the Y-piece will decrease when the aerosol generator is placed away from the patient, therefore decreasing impaction of emitted aerosol.
The influence of the type of device on lung dose in ventilator models and humans has also been previously studied. [6] [7] [8] 11, 12, [16] [17] [18] However, there is paucity of data on the newly available technologies. In our study the vibrating mesh nebulizer outperformed 2 jet nebulizers in each position tested, and the ultrasonic nebulizer either at the ventilator or at the humidifier. O'Doherty et al found no difference among a jet and 2 ultrasonic nebulizers when placed before the Y-piece and using a 3 mL nebulizer load. 8 Conversely, Harvey et al, in an in vivo study, demonstrated a 2-fold higher lung deposition with an ultrasonic nebulizer, compared to a jet nebulizer, placed before the Y-piece in an adult ventilator. 16 Similar results were obtained in our study. In a previous study we found that a jet nebulizer outperformed the intrapulmonary percussive ventilator when placed at humidifier. 6 Fok et al, in 2 in vivo studies (animal and neonatal), demonstrated a several-fold higher pulmonary deposition of ultrasonic nebulizers, compared to a jet nebulizer. 17, 18 Our data are in agreement with their findings. Our data are also in partial agreement with results from Ari et al, who found in an adult mechanical ventilation model that the vibrating mesh outperformed the jet nebulizer but not the ultrasonic nebulizer when the devices were placed either at the Y-piece or 15 cm before the Y-piece. 11 They found no difference between devices when they were placed before the humidifier. In contrast, we found that the vibrating mesh nebulizer outperformed all other devices. These differences are most likely due to the fact that our circuit had a 2 L/min bias flow and theirs had none. The same group reported on a pediatric and an adult ventilator model that the vibrating mesh nebulizer had a 2-fold lung dose difference, when compared to the jet nebulizer. 12 Our data confirm their findings regarding the performance of vibrating mesh nebulizers. We speculate that the vibrating mesh device achieved a higher lung dose because of its design and operational characteristics. More specifically, it has a minimal dead space and it does not add extra flow to the ventilator circuit. Other authors have previously found that higher bias flow and higher nebulizer flow rates lead to lower lung doses. 12, 19 We found that in a pediatric ventilator model the vibrating mesh nebulizer was superior to both the jet nebulizers at all tested positions, and to the ultrasonic nebulizer when placed at either the ventilator or the humidifier.
When evaluating the effect of nebulizer loading volume/nominal dose on lung dose, we found that the increase in lung dose is not due only to an increase in loading volume, but also due to an increase in the nominal dose. This was reflected in the comparison between solutions of equal volume but different amount of albuterol (2.5 mg/3.5 mL vs 5.0 mg/3.5 mL, and 2.5 mg/4 mL vs 7.5 mg/4 mL). We also found that increasing the loading volume increased lung dose for the jet and ultrasonic nebulizers but not for the vibrating mesh nebulizer. This was reflected in the comparison between 2 solutions with equal amounts of albuterol but different loading volumes. We speculate that these differences are due to the design characteristics of different nebulizer types, especially the amount of dead volume. These data are in agreement with previously published data on jet nebulizers not tested on a ventilator circuit. 13 These data are also in agreement with O'Doherty et al, who found a significant increase in lung dose when increasing the loading volume of jet and ultrasonic nebulizers from 3 mL to 6 mL in an adult ventilator model. 8 This study also demonstrated that increasing the nominal dose will not necessarily increase the lung dose. The vibrating mesh nebulizer showed an increase in lung dose irrespective of the position in the circuit. However, both jet nebulizers and the ultrasonic nebulizer failed to increase lung dose when placed at the Y-piece. This was also true for both jet nebulizers when positioned 30 cm from the Y-piece.
We found that in a pediatric ventilator model the increase in loading volume without increasing the nominal dose increases lung dose in jet and ultrasonic nebulizers, but not in vibrating mesh ones.
Our study has 2 limitations that are inherent to the in vitro nature of the study and the ventilator setup. The drug captured at the filter (lung dose) overestimates the amount of drug reaching the patient, because part of the exhaled aerosol is retained on it. This is critical for submicronic aerosols. However, this is a well established methodology that has been validated against human studies. Another limitation is that this study did not address the aerodynamic characteristics of the aerosols reaching the tip of the ETT. However, the mass median aerodynamic diameter of the aerosols generated by the nebulizers alone ranged from 3.1 m to 4.4 m (data from our laboratory and manufacturer's information). In addition, Watterberg et al, in an in vitro study, found that, although a jet nebulizer and a submicronic ultrasonic nebulizer differed in particle size when measured at the nebulizer, those differences disappeared when measured at the tip of a 4.0 mm ETT. 20 Healthcare team members are now provided with delivery efficiency, lung dose, and cost data that should be used in conjunction with devices and patient characteristics, along with type of drug chosen for nebulization to personalize the care for a given patient.
Conclusions
This study provides a comparison of lung dose achieved by 4 devices placed in 4 different positions in the ventilator circuit, using different nominal doses of albuterol solution. In an in vitro pediatric ventilator model, a vibrating mesh nebulizer outperformed jet and an ultrasonic nebulizer, irrespective of their position in the ventilator circuit. The nebulizers were more efficient when placed at either the ventilator or the humidifier, and less efficient when placed at either the Y-piece or 30 cm from the Ypiece. The conclusions of this study are valid for the specific tested conditions. Conclusions regarding optimization of operating conditions should not be extrapolated among nebulizers of different operating principles. One important corollary of this work is that aerosol generators are part of a complex delivery device that also includes position of the device in the ventilator circuit, humidification, and type of ventilator circuit and ETT.
